and sodium channel β1 subunits, was sex-biased or correlated with EODf in ways consistent with EODf sex differences. Our findings provide a basis for future studies to characterize neurogenomic mechanisms by which sex differences evolve.
Introduction
Sexually dimorphic behaviors can evolve rapidly and are widespread and diverse across species. Behavioral sex differences are often regulated by androgens and estrogens. Males and females usually differ in gonadal production of these steroids, and they can thus serve as endocrine signals of sex and reproductive condition. By altering gene expression in the brain during development or in adulthood, gonadal steroids can establish or activate sex differences in the structure, connectivity, and function of brain circuits that control sexually dimorphic behaviors. Several systems (e.g., vocal control circuits in birds, frogs, and fishes; spinal circuits that control penile reflexes in mammals; forebrain and neuromuscular systems regulating courtship and aggression in lizards) have yielded valuable insights into the neuroendocrine mechanisms of sexually dimorphic behavior (reviewed in Sengelaub and Forger 2008; Wade 2011; Zornik and Kelley 2011; Feng and Bass 2017; Schlinger and Brenowitz 2017) .
Although induction of sex-specific gene expression by gonadal steroids underlies many behavioral sex differences, localized metabolism of steroids and/or de novo steroid synthesis in the brain also substantially influences many sexually dimorphic and reproductive behaviors (Saldanha and Schlinger 2008; Remage-Healey et al. 2010) . Furthermore, the actions of sex steroids can also be influenced by co-factors (e.g., steroid receptor coactivators, SRCs) that facilitate or inhibit the ability of ligand-bound receptors to induce transcription of target genes (Auger et al. 2000; Charlier et al. 2005) . Localized mechanisms of hormone action mediated by expression of steroid receptors, steroid-metabolizing enzymes, and transcriptional regulators in specific brain regions can also provide flexibility for behaviors to be coopted into or escape from hormonal pleiotropy (Canoine et al. 2007; Voigt and Goymann 2007; Burns et al. 2013) . Species diversity in behavioral sex differences may arise through evolution of species differences in the sex-specific timing and levels of peripheral steroid production and/or through variation in brain region-specific expression of hormone receptors, steroidogenic enzymes, transcriptional coregulators, and/or downstream regulation of target genes by steroids (Brenowitz and Arnold 1985; Shaw and Kennedy 2002; Fuxjager et al. 2016) .
The use of microarrays and RNAseq, which simultaneously quantify expression of large numbers of genes, has accelerated the study of sex-specific and hormonally regulated gene expression in the brain and other tissues (Schumer et al. 2011; Peterson et al. 2013; Wong et al. 2014; Stiver et al. 2015) . Relating sex-biased gene expression to sexually dimorphic behavior, however, can be challenging. Many studies have quantified sex-biased gene expression in whole brains or in gross subdivisions of the brain. Gene expression varies substantially across brain regions, however, and this heterogeneity can mask region-specific and behaviorally relevant sex-biased gene expression. Indeed, many fewer sex-biased genes are often found in the brain than in more homogeneous tissues such as gonads or liver (Bohne et al. 2014; Manousaki et al. 2014; Caetano-Anolles et al. 2015; Liu et al. 2015) . To address this challenge, one ideally needs to study sex-biased and hormonally regulated gene expression specifically in brain regions whose function is dedicated to controlling particular sexually dimorphic behaviors.
The electric communication signals of South American ghost knifefishes (Apteronotidae) provide an outstanding opportunity to investigate neuroendocrine regulation and evolution of diversity in sexually dimorphic behaviors. The electric organs of these fish continuously produce highfrequency electric organ discharges (EODs) that are used to identify nearby objects and to communicate with conspecifics. Electric organ discharge frequency (EODf) varies across species, and in many species is sexually dimorphic (reviewed in Smith 2013; Dunlap et al. 2017) .
Both the magnitude and direction of sex differences in EODf vary across apteronotid species and populations. EODf does not differ between males and females in some species, but in other species, EODf is highly sexually dimorphic and a reliable signal of sex (Smith 2013) . The direction of sex differences in EODf can also reverse across closely related species. In brown ghost knifefish (Apteronotus leptorhynchus), EODf is lower in males than in females, whereas in black ghost knifefish (Apteronotus albifrons) EODf is higher in males than in females (Zakon and Dunlap 1999; Kolodziejski et al. 2005) .
Variation in sexual dimorphism of EODf is linked to variation in the sensitivity of this signal to gonadal steroid hormones. Sex differences in EODf in species with sexually dimorphic EODs are caused by effects of androgens and/or estrogens on this signal, whereas EODf is less responsive to these hormones in species and populations with reduced or no sex differences in EODf (Meyer et al. 1987; Schaefer and Zakon 1996; Dunlap et al. 1998; Ho et al. 2013; Petzold and Smith 2016) . Moreover, reversals in the direction of sex differences in EODf are mediated by reversals of androgenic regulation of EODf. In A. leptorhynchus (EODf M > F), androgens increase EODf, whereas in A. albifrons (EODf F > M), androgens decrease EODf (Zakon and Dunlap 1999) .
Understanding how species variation in neuroendocrine mechanisms contributes to diversity in sexual dimorphism of EODf is facilitated by the simplicity of the neural circuit controlling EODf. EODf is controlled by the pacemaker nucleus (Pn) in the medulla (reviewed in Smith 1999) .
Pacemaker and relay neurons in the Pn determine the firing rate of spinal electromotor neurons whose axons comprise the electric organ. Each action potential in these extensively electrically coupled neurons results in a single discharge of the electric organ. Sex differences in EODf result from androgen-and estrogen-mediated changes in the firing rates of Pn neurons (Schaefer and Zakon 1996) . Firing rates of Pn neurons are set by interactions of sodium and potassium currents in these neurons; and androgens and estrogens likely regulate sex differences in EODf by changing the expression of ion channels that carry these currents (Smith and Zakon 2000) . In apteronotid fishes, the Pn is a discrete protrusion on the ventral surface of the medulla and can be cleanly dissected. The Pn thus provides a straightforward opportunity to study gene expression in a brain region whose only function is to control a sexually dimorphic communication signal.
The present study used a transcriptomic approach to quantify gene expression in the Pn of two species with reversed EOD sexual dimorphism (A. leptorhynchus: EODf M > F and A. albifrons: EODf M < F). By comparing Pn gene expression across sexes in each species, we sought to answer three questions: (1) which hormone-related genes are expressed in the Pn and are likely contribute to sex differences in EODf; (2) which ion channel genes likely to regulate EODf are expressed in the Pn; and (3) what sex differences in ion channel gene expression might underlie sex and species differences in EODf?
Methods

Research subjects
Adult, wild-caught A. albifrons (sexually dimorphic population, n = 4 males, four females) and A. leptorhynchus (n = 3 males, three females) were obtained from commercial suppliers (Ruinemans, Miami, FL, and East Coast Transship, Baltimore, MD) . A. albifrons were housed individually in 38-L tanks; A. leptorhynchus were housed socially in a 302-L tank in a 2000-L recirculating aquarium system. Fish were maintained on a 12:12 h light:dark cycle at 25-27 °C, pH 5.5-6.5, and conductivity of 150-300 μS/cm. These housing conditions stimulate gonadal recrudescence in captivity (Kirschbaum 1984) .
Sample collection
A pair of wires and a reference electrode were placed next to the fish, and electric organ discharges (EODs) were differentially amplified (Grass-Telefactor model P-55, East Warwick, RI, 100X gain). EOD frequency (EODf) was measured with the frequency function on a digital multimeter (Fluke model 187, Everett, WA, USA). EODf measurements were temperature-compensated to that expected at 26 °C by using a Q 10 °C of 1.62 (Dunlap et al. 2000) . After EODf was measured, fish were lightly anesthetized by brief immersion in 2-phenoxyethanol in tank water (1 mL/L, Sigma-Aldrich), and were weighed. Blood samples (10-50 μL) were collected from the caudal vein with a heparinized 25G needle and 1-cc syringe for the measurement of plasma hormone levels. Fish were then placed back in the 2-phenoxyethanol solution for several minutes to anesthetize them deeply. The fish were placed on ice; and brains were removed rapidly and placed in RNAlater. The dura was removed from the medulla. The pacemaker nucleus (Pn) is visible as an obvious protrusion of gray matter on the ventral surface of the medulla. Under a stereomicroscope (20X), the Pn was conservatively dissected so that the collected sample contained only Pn tissue. The Pn samples were stored in RNALater. Gonads were removed and weighed to calculate gonadosomatic index (GSI, 100 × gonad mass/body mass) as an indication of reproductive condition. The remaining brain tissue, skin, and gonads were collected and stored for future studies.
Measurement of plasma hormone levels
Plasma levels of 11-ketotestosterone (11KT) were measured in males, and plasma levels of estradiol (E2) were measured in females by using enzyme immunoassay kits (Cayman Chemical, Ann Arbor, MI) according to the kit instructions. Samples were diluted in assay buffer 1:50 for the 11KT assay and 1:3-1:5 for the E2 assay. The sensitivity thresholds of the assays were 0.78 pg/mL (i.e., 39 pg/mL in the 1:50 diluted samples) for the 11KT assay and 6.6 pg/mL (19.8-33 pg/mL in the 1:3-1:5 diluted samples) for the E2 assay. Intra-assay variation was 2.6% for the 11KT assay and 8.2% for the E2 assay. We did not measure 11KT in females or E2 in males because plasma levels were expected to be below the detection limit of the assays. Insufficient plasma was available to measure E2 in two female A. leptorhynchus.
RNA extraction, library construction, and sequencing
Pn samples were lysed in a microcentrifuge tube with a pestle (USA Scientific, Ocala, FL); and RNA was extracted by using the Absolutely RNA Nanoprep kit (Agilent, Santa Clara, CA). Genomic DNA contamination was removed by using the DNAseI treatment step in the Nanoprep kit. RNA sample concentration and quality was measured with the high-sensitivity RNA Screentape on an Agilent 2200 Tapestation. RNA was reverse-transcribed with the SmartSeq Ultra-low mRNAseq kit (ClonTech/Takara, Mountain View, CA), and barcoded libraries were constructed with a Nextera XT kit (Illumina, San Diego, CA). Libraries were size-selected with SPRISelect beads (Beckman Coulter, Brea, CA). Sequencing was performed using Illumina NextSeq with 75-bp paired-end reads.
Transcriptome assembly, annotation, and analysis
Trimmomatic (version 0.35) was used to trim reads and to remove adapter sequences and low-quality reads. The transcriptomes for both species were assembled from the unstranded Illumina reads by using Trinity (version 2.1.1) with a minimum contig length of 100. Due to the size of the resulting transcriptomes (931,466 and 1,233,299 transcripts in A. albifrons and A. leptorhynchus, respectively) , they were mapped to subsets of the NCBI NRAA database to identify functional regions and relationships. Two subsets were identified-the complete set of human proteins and a set of fish proteins drawn from eight teleost species: Danio rerio, Esox lucius, Poecilia reticulata, Fundulus heteroclitus, Astyanax mexicanus, Scleropages formosus, Tetraodon nigroviridis, and Poecilia formosa. BLASTX was performed with NCBI blast (version 2.2.30) with the following non-default parameters: − e value: 1e−4-num_threads 60-seg yes-soft_mask-ing true-culling_limit 3. To determine the abundance of the transcripts, the Illumina reads were mapped with bowtie2 (version 2.1.0) and SAMtools (version 0.1.18) back to the transcripts with the-a option to allow reads to map to multiple isoforms. To eliminate spurious alignment with paralogous gene families and among conserved domains, alignments were further filtered so that only those within an edit distance of two of the best match were kept. Read counts and reads per kilobase per million (RPKM) were determined at the transcript level and at the gene level for protein-coding genes. To determine read counts and RPKMs at the gene level for protein-coding segments, we had to identify the gene segments themselves. This was challenging because ~ 20% of the gene clusters had two or more distinct proteincoding segments, likely due to over assembly by Trinity using unstranded data. BLASTX data was used to identify distinct non-overlapping protein-coding segments (presumably independent genes) on each isoform. Using custom Perl scripts employing a greedy strategy, we identified the corresponding protein-coding segments across a set of related isoforms on the basis of shared protein-coding annotation. Read counts were then linked to the corresponding protein-coding gene segments in which a read was considered aligned if it overlapped a gene segment by at least 10 bps. All reads aligned to any of the corresponding protein-coding gene segments were combined. Redundancy caused by a single read aligning to multiple isoforms of the same gene was removed, and the counts and RPKM (normalized within species) were then calculated. These read counts were then used to compare gene expression between male and female samples in each species through a differential gene expression analysis with DESeq2. Assembly quality was assessed by conducting a BUSCO analysis of completeness and fragmentation of transcripts vs. the Actinopterygii dataset (Simao et al. 2015) and by using Trinity to calculate ExN50 curves.
Focal transcript analysis with gene ontology term filtering
We had a priori expectations for which gene classes were likely to be associated with the high-frequency firing that controls the EOD and/or with the hormonal regulation of sex differences in EODf. We therefore focused further analysis of the transcriptomes on genes associated with neuronal excitability (ion channels, gap junction proteins) or hormonal, neurotransmitter, and neuromodulatory regulation (ligands, receptors, metabolizing enzymes). We used a list of gene ontology (GO) terms related to these functions to filter the entire transcriptome for transcripts of interest (Supplemental Table 1 ). Protein-coding gene segments were associated with GO terms of interest based on the human BLASTX output using gene2GO from NCBI (https://ftp. ncbi.nlm.nih.gov/gene/DATA/). Transcripts whose GO annotation matched terms on the list were extracted from the transcriptome. This process included all transcript annotated to any of the GO terms of interest. We further screened the filtered transcripts manually to identify those in specific categories that we most expected to be associated with sex differences in EODf: sodium channels; potassium channels; other voltage-gated ion channels; gap junction-related proteins; steroid hormone receptors and metabolizing enzymes; and neurotransmitters, neuromodulators, and their receptors.
Statistics for sex-biased expression
Sex-biased transcript expression in each species was evaluated with two approaches. At the whole-transcriptome level, we used the more conservative Benjamini-Hochberg false-discovery rate adjustment of p values from DESeq2 (Benjamini and Hochberg 1995) . For the approximately 200 transcripts of interest that were extracted from the entire transcriptome using the GO-based and manual filtering described above, sex-biased expression was evaluated by correcting p values for false discovery rate with an independent hypothesis weighting (IHW) approach (Ignatiadis et al. 2016) . To assess whether expression of potentially sex-biased ion channel genes was correlated with EOD frequency independently of sex, we first calculated the residuals of the relationship between EODf or gene expression (RPKM) and sex (i.e., the difference between each individual's EODf or RPKM value and the mean for its sex), and then calculated the Pearson's correlations between the residuals of EODf vs. the residuals of the RPKM values.
Results
EOD frequency, reproductive condition, plasma steroid hormone levels
As in previous studies, EOD frequency (EODf) was higher in males than in females in A. leptorhynchus, and higher in females than in males in A. albifrons (Table 1) . Plasma levels of 11KT were similar in males of the two species, and plasma levels of E2 were similar in the females of the two species (although we only collected sufficient plasma to measure E2 in one of the female A. leptorhynchus; Table 1 ). 11KT levels were somewhat lower than observed in males in some previous studies (Dunlap et al. 1998 ). The gonadosomatic indices of males and females in both species, however, were as great or greater than in those studies and indicated that the fish were mature and had fully recrudesced gonads (Table 1 ; Dunlap et al. 1998; Kolodziejski et al. 2005) . Although males tended to be larger than females in both species, body mass varied substantially; and the sex difference was not statistically significant.
Transcriptome properties
After trimming, the A. albifrons sequence data contained 3.27 × 10 8 reads which assembled into 931,466 transcipts. These transcripts corresponded to 18,694 teleost genes. The A. leptorhynchus sequence data contained 2.3 × 10 8 reads which assembled into 1,233,299 transcripts. These transcripts correspond to 21,585 teleost genes. We used the benchmarking universal single-copy orthologs (BUSCO) dataset of genes from Actinopterygii (Simao et al. 2015) to assess the completeness and quality of the two transcriptomes. The results of this analysis are shown in Supplemental Table 2 . Both transcriptomes contained ~ 82% complete BUSCO hits. Approximately half of the complete hits were single-copy and the other half were duplicated in the transcriptomes. Because the transcriptomes were derived from multiple individuals from wild populations, the duplicated BUSCOs likely reflect (1) alternative splicing/isoforms; (2) allelic variation (heterozygosity and/or polymorphism); and/or (3) gene duplications. The A. leptorhynchus and A. albifrons transcriptomes contained 7.6 and 7.8% fragmented BUSCO hits, respectively, reflecting a relatively low level of fragmentation in them. The 10.1-10.4% of BUSCOs missing in the two transcriptomes is to be expected; given that the transcriptomes were derived from a single tissue and expression of some genes in the BUSCO database are expected to be tissue specific. ExN50 curves were also plotted to assess assembly quality (Supplemental Fig. 1 ). Both ExN50 curves had peaks near the ~ 90th Ex percentile, with Ex90N50 values of 1100 and 1407, respectively for the A. albifrons and A. leptorhynchus transcriptomes, which suggests sufficient read depth was available for the assembly.
Differential expression analysis revealed a relatively small number of transcripts with significant sex-biased expression across the entire transcriptome of each species. In A. leptorhynchus, 47 genes were differentially expressed, with 26 genes upregulated in males and 21 upregulated in females (Supplemental Table 3A ). In A. albifrons, 28 genes were differentially expressed between the sexes, with 16 upregulated in males and 12 upregulated in females (Supplemental Table 3B ). Only two transcripts had significantly sex-biased expression in both species: one upregulated in males of both species (aspartylglucosaminidase, zgc:77327), and one upregulated in females of both species (arf-GAP with SH3 domain, ANK repeat and PH domain-containing protein 2). At the whole-transcriptome level, variation in expression across individuals within sex was as great or greater than that between sexes. Two principal components explained 86% and 55% of the individual variation in gene expression in A. leptorhynchus and A. albifrons, respectively (Fig. 1a, b) . In neither case, however, did the sexes segregate cleanly based on these principal components (PCs). Interestingly, the second PC in A. albifrons was significantly correlated with EODf (r 2 = 0.53, p = 0.025; Fig. 1c ). None of the other PCs in either species were correlated with EODf (p > 0.15). Body mass (g) 14.2 ± 3.5 7.7 ± 0.9 88.2 ± 38.7 34.7 ± 8.0 Gonadosomatic Index (%) 0.37 ± 0.07 7.7 ± 2.6* 0.47 ± 0.08 6.2 ± 1.7* EOD frequency (Hz) 847 ± 27 689 ± 16** 940 ± 24 1041 ± 16* 11-Ketotestosterone (11KT, ng/mL)
1 
Analysis of GO-filtered transcripts
Because we had a priori hypotheses that certain classes of genes would be related to sex differences in electrocommunication, we focused subsequent analyses in several steps.
The first step filtered transcripts to include only those whose annotation matched gene ontology (GO) terms related to hormones, neurotransmission, electrical coupling, and ion channels (see "Methods"). This filter extracted 3174 and 3595 transcripts of potential interest in A. leptorhynchus and A. albifrons, respectively. From these GO-filtered transcripts, we then manually extracted transcripts of particular interest in several categories based on our a priori hypotheses: (1) voltage-gated sodium channels; (2) voltage-gated potassium channels; (3) other ion channels and transporters; (4) connexins; (5) neurotransmitters, neuromodulators and their receptors; (6) sex steroid hormone receptors and metabolizing enzymes; and (7) other hormones and receptors. The transcripts in each of these categories and the abundance of their expression are shown in Tables 2, 3 and 4 and Supplemental Tables 4A-4D .
Hormone-related genes
Sex differences in EODf are mediated by effects of androgens and/or estrogens on the firing rates of neurons in the Pn (Schaefer and Zakon 1996; Zakon and Dunlap 1999) . We therefore hypothesized that the Pn would express genes whose products mediate sex steroid hormone action and that species differences in sexual dimorphism and hormonal regulation of EODf might be associated with differences in the expression of these genes. Transcripts for numerous sex steroid receptors, metabolizing enzymes, and co-factors were expressed in the Pn of both A. leptorhynchus and A. albifrons (Table 2 ). The Pn of both species robustly expressed mRNA for androgen receptors (AR). Estrogen receptor β (ERβ) was expressed in the Pn in A. leptorhynchus, but not in A. albifrons; and estrogen receptor α (ERα) was expressed at low levels in the Pn of both species. In addition, the Pn of both species expressed mRNA for the membrane-bound G-protein coupled estrogen receptor (GPER1) and several membrane-associated progesterone receptors. The Pn also expressed transcripts encoding receptors for other hormones, including receptors for glucocorticoids/mineralocorticoids, thyroid hormone, parathyroid hormone, gonadotropin-releasing hormone and growth hormone-releasing hormone (Supplemental Table 4A ).
Transcripts for numerous steroidogenic enzymes were expressed in the Pn of both species (Table 2) : aromatase (cyp19b), which converts androgens to estrogens; 5α-reductase (SRD1 and SRD2), which converts testosterone into the nonaromatizable androgen 5α-dihydrotestosterone (5α-DHT); 11β-hydroxysteroid dehydrogenases (11βHSD1 and 11βHSD2), which convert 11β-hydroxytestosterone into the fish androgen 11-ketotestosterone (11KT, Kusakabe et al. 2003) ; and several different 17β-hydroxysteroid dehydrogenases (17βHSD8, 17βHSD10, 17βHSD12, and 17βHSD14), which oxidize and/or reduce androgens and estrogens to more inactive/active metabolites (Labrie et al. 2000) . The Pn of both species also expressed transcripts for co-factors that modulate the transcriptional activity of androgen and/or estrogen receptors: nuclear receptor coactivators/steroid receptor coactivators 2, 3, and 4 (NCOA2, NCOA3, NCOA4); nuclear receptor interacting protein 1 (NRIP1); and Prohibitin 1 and 2. Although most hormone-related genes were expressed at similar levels in the Pn of both species, the relative expression of some hormone-related genes differed substantially between the two species. The transcript for estrogen receptor β (ESR2) was moderately expressed in the A. leptorhynchus Pn, but was absent in the A. albifrons Pn (Table 2) . Similarly, transcripts for aromatase and 11β-HSD 2 were expressed at substantially higher levels in the Pn of A. leptorhynchus than in A. albifrons. Pn expression of most sex steroidrelated genes did not differ between the sexes. The only hormone-related genes with any indication of sex-biased expression in the Pn were 17β-HSD 12a (slightly greater expression in females in A. leptorhynchus), ERα (slightly greater expression in males in A. leptorhynchus), Prohibitin-1 (slightly greater expression in females in A. albifrons), and NRIP-1 (slightly greater expression in males in A. albifrons; Tables 5, 6 ). The Pn in female A. albifrons also had greater expression of thyroid hormone receptor α mRNA than male Pns (Table 6) . 28.9 ± 5.1 5α-reductase 2 (SRD2) 10.7 ± 0.9
Membrane-associated progesterone receptor 2αB 26.9 ± 2.0 5α-reductase 1 (SRD1) 10.2 ± 0.7 17β-Hydroxysteroid dehydrogenase 8 (17βHSD 8) 18.6 ± 2.3
Androgen receptor 8.7 ± 0.8 Membrane progesterone receptor G3
14.4 ± 2.9 Nuclear receptor interacting protein 1 (NRIP1) 8.1 ± 0.8 5α-reductase 1 (SRD1) 12.1 ± 2.0 G-protein coupled estrogen receptor 1 (GPER1) 6.6 ± 0.6 Nuclear receptor interacting protein 1 (NRIP1) 8.5 ± 0.7 3βHSD δ5 5.4 ± 0.6 Estrogen receptor β 8.1 ± 1.9 Nuclear receptor coactivator 3 (NCOA3) 4.0 ± 0.2 11β-Hydroxysteroid dehydrogenase 1 (11βHSD 1) 7.5 ± 0.6 Nuclear receptor coactivator 3 (NCOA3) 3.6 ± 0.2 Membrane progesterone receptor αB 7.4 ± 1.0 Aromatase (cyp19b) 3.0 ± 0.9 17β-Hydroxysteroid dehydrogenase 12a
7.1 ± 0.8 11β-hydroxysteroid dehydrogenase 1 (11βHSD 1) 2.5 ± 1.0 G-protein coupled estrogen receptor 1 (GPER1) 7.0 ± 1.4 NCOA2 (Nuclear receptor co-activator) 2.5 ± 0.3 Nuclear receptor coactivator 3 (NCOA3) 7.0 ± 0.9 17β-hydroxysteroid dehydrogenase 12 (17βHSD 12)
2.1 ± 0.6 17β-Hydroxysteroid dehydrogenase 3 (17βHSD 3) 5.0 ± 37 11β-hydroxysteroid dehydrogenase 2 (11βHSD 2) 2.0 ± 0.2 3β-Hydroxysteroid dehydrogenase 5 (3βHSD 5) 4.3 ± 1.2 Estrogen receptor α 1.7 ± 0.2 5α-reductase 2 (SRD2) 3.0 ± 0.9 Estrogen receptor α 2.4 ± 1.3
Ion channel and gap junction genes
Sexually dimorphic EOD frequency is controlled directly by the firing rates of pacemaker and relay cells in the Pn, and the firing rates of these neurons are strongly influenced by sodium and potassium currents (Smith and Zakon 2000) . The most abundantly expressed sodium channel α-subunit mRNA in both species was SCN8A, which codes for the Nav1.6 Na + channel (Table 3 ). In addition, the Pn of A. leptorhynchus, but not A. albifrons, expressed low levels of transcripts for the skeletal muscle sodium channel SCN4AB (Nav1.4b) and for the SCN2A (Nav1.2) α-subunit. The Pn of both species expressed high levels of transcripts for sodium channel beta subunits (SCN1B-4B = Navβ1-4), whose products modify biophysical properties of sodium channels. Additionally, the Pn in both species expressed non-selective Na + leak channel transcripts (NALCN). Potassium channels are highly diverse, and numerous K + channel transcripts were expressed in the Pn of both species (Table 4 ). The suite of K + channel genes expressed was well-conserved between A. albifrons and A. leptorhynchus. Thirty-eight K + channel genes were expressed in the Pn of both species; and most of the transcripts expressed in only one of the two species (three in A. albifrons and five in A. leptorhynchus) were expressed at low levels. The most abundant K + channel transcript in both species was KCNA10, which codes for the Kv1.8 voltage-gated K + channel. Transcripts for the β2 K + channel regulatory subunit (KCNAB2) and the Kir1.2 inward rectifier K + channel (KCNJ10) were also abundant in the Pn both species. Additionally, the Pn in both species substantially expressed transcripts for Kv3 voltage-gated channels (KCNC2, KCNC3, and/or KCNC4), which are associated with high-frequency firing (Gan and Kaczmarek 1998) , as well as transcripts for the small conductance calciumdependent K + channel SK3 (KCNN3). The Pn of both species expressed transcripts for voltage-gated Ca 2+ channels, and the transcript profile was well-conserved between the two species (Supplemental Table 4B ). Ten transcripts for Ca 2+ channel α, α/δ, and β subunits were found in the Pn of both species. Only one Ca 2+ channel transcript (CACNA1H, which forms T-type Ca 2+ channels) was expressed in only one of the species (A. albifrons), and its abundance was low.
The Pn of both species expressed low to moderate levels of transcripts for several other ion channel types, including chloride channel 2 (CLCN2); acid-sensing ion channels (ASIC1); hyperpolarization-activated cation channels (HCN1 and HCN2); and transient receptor potential channels (TRPM2, TRPM4, TRPM6, and TRPN1, Supplemental Table 4B ). The expression of these channel types was largely conserved, with eight of the transcripts expressed in the Pn of both species, one (ASIC3) expressed only in A. leptorhynchus, and one (TRPA1) expressed only in A. albifrons.
To achieve the highly synchronous firing rates of over 1 kHz needed to drive the EOD, the pacemaker and relay neurons in the Pn are extensively electrically coupled (Elekes and Szabo 1985) . Not surprisingly, the Pn in both species expressed high levels of numerous connexin genes, which encode the proteins that form gap junctions (Supplemental Table 4C ). The connexin transcripts expressed in the Pn was largely conserved across species. The two most abundant connexin transcripts in both species were gap junction proteins β1 and γ1, which code 32 kD and 45 kD connexins, respectively. Nine gap junction transcripts were expressed in the Pn of both species, one (δ1) was expressed only in A. leptorhynchus, and two (α1 and α5) were expressed only in A. albifrons.
The high frequency firing of Pn neurons also requires that the Na + and K + gradients be continuously maintained. It is thus not surprising that the Pn of both species expressed high levels of transcripts for ion channel transporters (Supplemental Table 4B ). Both α-and β-subunits of Na+/K + ATPases were expressed in the Pn of both species, with α1 and α3 as the most abundant α subunits, and the teleost-specific β233 as the most abundant β subunit. In addition, the Pn of both species robustly expressed transcripts for the electrogenic sodium-bicarbonate co-transporter. 3.1 ± 0.4 Kv1.4 (KCNA4) 2.8 ± 0.3 K Ca 1.1 (KCNMA1, BKα1) 3.0 ± 1.5 K Ca 2.1 (KCNN1, SK1) 2.5 ± 0.5 SLACK (KCNT1) 2.5 ± 1.5 Kvβ2 (KCNAB2) 2.1 ± 0.8 Mink1 (KCNE1) 2.4 ± 0.7 Kv4.1 (KCND1) 1.9 ± 0.2 Kir3.3 (KCNJ9, GIRK-3) 2.4 ± 0.6 Kv4.3 (KCND3) 1.6 ± 0.2 Kv4.1 (KCND1) 2.0 ± 0.5 K 2P 2.1 (KCNK2, TREK-1) 1.1 ± 0.1 Kv4.2 (KCND2)
1.9 ± 0.5 Kv1.2 (KCNA2) 1.0 ± 0.3 K Ca 2.1 (KCNN1, SK1)
1.4 ± 0.7 K Ca 1.1 (KCNMA1, BKα1) 1.3 ± 0.3 K Ca 1.1 (KCNMA1, BKα1)
1.1 ± 0.7 Kv2.1 (KCNB1) 0.9 ± 0.4 Kv1.2 (KCNA2)
1.1 ± 0.1
Potentially sex-biased expression of ion channel and transporter genes
Sex differences in EOD frequency are likely caused by sex differences in expression or function of ion channels or other proteins regulating the firing rates of neurons in the Pn (Smith and Zakon 2000) . We therefore used independent hypothesis weighting of the differential expression data to ask whether any ion channel, ion transporter, or connexin genes might have sex-biased expression. No sodium channel transcripts differed in Pn expression between males and females in A. leptorhynchus (Table 5 ), but one sodium channel beta subunit (annotated to the D-splice variant of the Danio rerio Nav1β subunit, SCNB1), was expressed at higher levels in the Pn of males vs. females in A. albifrons (Table 6 ). Several K + channel genes had sex-biased expression in each species (Tables 5, 6 ). In A. leptorhynchus, two genes that form functional voltage-dependent K + channels were sex-biased. The two-pore K + channel K 2p 13.1, which contributes to an inward-rectifying background K + current (Kang et al. 2014) , was expressed at higher levels in the Pn of males than females; and the G-protein modulated inward rectifier K ir 3.1 was expressed more in the Pn of females than males. Three genes whose products modify K + function were sex biased in the Pn of A. leptorhynchus. Kvβ2, which affects the inactivation kinetics of Kv1 channels (Torres et al. 2007) , and KChIP4, which affects current density and inactivation of Kv4 channels (Norris et al. 2010) , were expressed at higher levels in female Pns than in male Pns. Similarly, in A. albifrons, sex-biased genes included both those whose products form functional channels as well as genes whose products modify K + channel function. Transcripts for K ir 3.1, Kv1.2, Kv2.1, and Kv1.1 channels were all expressed at higher levels in male Pns than in female Pns. Transcripts for KChIP2, which modifies Kv4 channel kinetics, were expressed more in the Pn of males than of females. Transcripts for Kv6.3 and Kv6.4, which slow deactivation kinetics of Kv2 channels (Sano et al. 2002) , were expressed at higher levels in female Pns than male Pns.
Other ion channel and transporter transcripts also had sex-biased expression in the Pn. In A. leptorhynchus, transcripts for two transient receptor potential channels (TRPM2 and TRPM6), which are cation channels modulated by temperature and/or nucleotides, were expressed at higher levels in the Pn of females vs. males (Table 5 ). In A. albifrons, transcripts for the acid-sensing ion channel, ASIC-1, and the Cavβ2 subunit, which modulates inactivation of L-type Ca 2+ channels, were expressed at higher levels in male Pns than in female Pns (Table 6 ). 10.1 ± 1.6 16.3 ± 0.7 0.022 GluR5 9.0 ± 0.6 13.1 ± 1.6 0.014 Prolactin-releasing peptide receptor 14.7 ± 1.4 5.8 ± 0.5 < 0.01 GluR2 6.9 ± 0.4 9.2 ± 0.3 0.027 Dopamine D2 receptor 10.4 ± 5.7 3.3 ± 1.5 0.04 Nicotinic acetylcholine receptor α4 (nAChRα4) 9.5 ± 4.2 2.2 ± 0.5 < 0.01 Dopamine β-hydroxylase 0.2 ± 0.1 1.3 ± 0.4 0.032
Transcripts for some sodium-potassium ATPase subunits were expressed at higher levels in the Pn of males vs. females (Na + /K + ATPase β3b in A. leptorhynchus and Na + /K + ATPases α3, α1a, and β2a in A. albifrons). Two transcripts for gap junction proteins were sex-biased in the A. albifrons Pn: a transcript annotating to connexin 32.2 of Astyanax mexicanus (greater expression in males) and gap junction protein β1 (Connexin 32/29, greater expression in females).
Ion channel gene expression correlated with EOD frequency
To further test whether ion channel genes with potentially sex-biased expression are linked to sex and species differences in EOD frequency, we asked whether expression of these genes was correlated with EODf. Potential correlations between EODf and sex-biased gene expression are confounded by sex differences in both EODf and gene 23.6 ± 2.1 27.0 ± 3.6 0.047 GABA receptor ρ2 10.6 ± 3.4 3.6 ± 0.6 < 0.01 Neuropeptide FF 1.6 ± 1.2 11.0 ± 1.6 < 0.001 Dopamine D2 receptor 9.1 ± 3.4 3.3 ± 1.3 0.031 5HT1B receptor 2.5 ± 0.5 4.8 ± 1.2 0.022 5HT1A receptor 3.4 ± 0.6 1.6 ± 0.4 0.017 Substance P receptor 3.6 ± 0.4 1.2 ± 0.3 < 0.001 Dopamine D1B receptor 2.7 ± 1.1 0.4 ± 0.1 0.022 VIP receptor 2.3 ± 1.3 0.2 ± 0.1 0.024 expression. To assess whether expression of these transcripts was correlated with EODf independently of sex (i.e., whether variation in gene expression was correlated with EODf within sexes), we calculated the residuals of EODf and transcript expression vs. sex, and then tested for correlations between these residuals. In A. leptorhynchus, the only ion channel gene whose expression was correlated with EODf after sex differences were factored out was KCNMB4, which codes for the β4 subunit of the large conductance Ca 2+ -dependent K + channel. KCNMB4 was expressed more in the Pn of A. leptorhynchus with higher EODf (Fig. 2) . In A. albifrons, SCN1B(D), which codes for a teleost-specific isoform of the β1 sodium channel subunit, was expressed at significantly higher levels in the Pn of fish with lower EODf (Fig. 3a, b) . The KCNG4 transcript, which codes for the Kv6.4 K + channel subunit, tended to be expressed more in the Pn of A. albifrons with higher EODf (Fig. 3c, d) ; and KCNA2 transcript, which codes for Kv1.2 K + channels, tended to be expressed more in the Pn of A. albifrons with low EODf (Fig. 3e, f) . Neither of these latter two relationships reached significance, however.
Expression of neurotransmitter and neuromodulator-related genes
Numerous transcripts associated with neurotransmission and neuromodulation were expressed in the Pn of both species (Supplemental Table 4D ). The Pn of both species expressed a diversity of transcripts for glutamate receptors, including AMPA, kainate, NMDA, and metabotropic receptors. Sixteen glutamate receptor transcripts were expressed in the Pn of both species, with two ionotropic glutamate receptors (GluR2b and GluR4) expressed only in A. leptorhynchus, and NMDA receptor 3 expressed only in A. albifrons. Similarly, the Pn in both species expressed transcripts for several different ionotropic GABA-A and glycine receptors as well as metabotropic GABA-B receptors (Supplemental Table 4D ).
The Pn of both species expressed mRNA for several nicotinic acetylcholine receptors (Supplemental Table 4D ). Transcripts for the metabotropic acetylcholine receptor M5 was moderately abundant in the Pn of A. leptorhynchus, but was not found in the Pn of A. albifrons. The Pn of both species expressed transcripts for β2 adrenergic receptors and D2 dopamine receptors, but differed in the expression of serotonin receptor genes. 5HT4 receptor mRNA was present in the Pn of A. albifrons, but not A. leptorhynchus; and the 5HT3 and 5HT1B receptor genes were expressed in the Pn of A. leptorhynchus, but not A. albifrons. Numerous purine receptors, including ionotropic P2X receptors and metabotropic P1/adenosine receptors and P2Y receptors, were expressed in the Pn of both species.
Transcripts for several neuropeptides and their receptors were also expressed in the Pn, though they were less well-conserved across species than other neurotransmitter/ neuromodulator receptors (Supplemental Table 4D ). Twelve neuropeptide/receptor transcripts were expressed in the Pn of both species; six transcripts (prolactin releasing peptide receptor, neuropeptide Y receptor 2, cholecystokinin, μ-opioid receptor, relaxin 3, and arginine vasopressin receptor 1) were expressed only in A. leptorhynchus; and four transcripts (cholecystokinin receptor, corticotropin releasing factor receptor, tachykinin receptor, and relaxin 3 receptor) were expressed only in A. albifrons. Moreover, the relative 
Discussion
The goals of this study were to use transcriptomics on the Pn of two electric fish species to identify hormone-related genes that might regulate sex differences in EODf; to identify genes involved in neuronal excitability that might underlie the high frequency rhythm that drives the EOD; and to identify putatively sex-biased ion channel genes whose differential expression might underlie sex differences in EODf. The data in this study provided substantial insights towards these goals. Transcripts for numerous sex steroid hormone receptors and metabolizing enzymes were identified in the Pn. Similarly, we found expression of Na + and K + channel genes whose products are likely to contribute to high frequency firing of Pn neurons. In addition, some of these ion channel genes had expression that was potentially sex-biased and/or correlated with EODf.
At the level of the entire Pn transcriptome, we identified relatively few transcripts with strongly sex-biased expression, and the large-scale gene expression patterns in the Pn did not cleanly segregate by sex. The paucity of highly sex-biased gene expression in the Pn might be explained by the highly conserved and specialized function of the Pn in Fig. 3 Expression of sex-biased Na + and K + channel genes correlated with EODf in A. albifrons. a, c, e Expression of transcripts (RPKM) vs. EODf; b, d, f relationships between sex-specific residuals of gene expression and EODf (sex differences factored out). Fish with lower EODf (males, blue circles) had greater expression of Na + channel β1 subunit D-isoform (a SCN1BD, Navβ1) and Kv1.2 K + channels (e KCNA2) than fish with higher EODf (females, red squares). c The K + channel modifier KCNG4 (Kv6.4) was expressed at higher levels in the Pn of fish with higher EODf (females). After factoring sex out, the relationship between EODf and channel gene expression remained significant for SCN1BD (b), but was only marginally significant for KCNG4 (d) and KCNA2 (f) generating the command signal for the EOD. Apteronotid Pn neurons are unique in that they fire continuously and highly synchronously at rates that can exceed 1500 Hz. The suite of genes needed to produce this exceptional feat may be constrained, and relatively small changes in gene expression may mediate the 15-30% difference in firing rate between males and females. Interestingly, in A. albifrons, one of the PCs for transcript expression in the Pn was significantly correlated with EODf, which suggests that at least some of the large-scale variation in Pn gene expression may be related to variation in Pn firing rates.
Hormone-related transcripts and hormonal regulation of EOD sex differences
The expression of transcripts for sex steroid hormone receptors and metabolizing enzymes in the Pn is consistent with the role of these hormones in regulating sex differences in EODf. 11-ketotestosterone robustly masculinizes EODf in both A. leptorhynchus and A. albifrons, and does so by changing the firing rates of neurons in the Pn (Schaefer and Zakon 1996; Dunlap et al. 1998) . Consistent with this, the Pn of both species robustly expressed transcripts for androgen receptors.
Differences between these species in hormone-related gene expression are also consistent with differences in hormonal regulation of EODs. Testosterone levels are similar in males and females, and in A. leptorhynchus, testosterone feminizes, rather than masculinizes, EODf (Dulka and Maler 1994; Dunlap et al. 1998; Zakon and Dunlap 1999) . The feminizing effect of testosterone is thought to be mediated via aromatization to estradiol because estradiol also feminizes EODf, and the feminizing effects of testosterone are blocked by fadrazole (Schaefer and Zakon 1996; Zucker 1998 ). In contrast, in A. albifrons, testosterone does not affect EODf (Dunlap et al. 1998 ). Species differences in the feminizing effects of testosterone might be explained by the differences in the expression of aromatase and estrogen receptor genes reported here. The Pn of A. leptorhynchus expressed high levels of aromatase mRNA (mean RPKM > 200) and moderate levels of estrogen receptor β, whereas aromatase was expressed at much lower levels in A. albifrons (mean RPKM of 3.0), and ERβ was not expressed at all. Thus, the feminizing effects of testosterone in A. leptorhynchus may result from robust local aromatization in the Pn that does not occur in A. albifrons.
The expression of moderate levels of 5α-reductase in the Pn of both species was somewhat surprising. 11-ketotestosterone (11KT) is the primary nonaromatizable masculinizing androgen in teleosts (Fostier et al. 1983 ). 5α-dihydrotestosterone (5αDHT) has often been used as a nonaromatizable androgen to experimentally to test for androgenic effects on behavior in electric fish (Meyer and Zakon 1982; Meyer 1983 Meyer , 1984 Bass and Hopkins 1985; Mills and Zakon 1987; Dunlap et al. 1998) ; the rationale has been that 5αDHT is a potent but less expensive and more readily available androgen than 11KT. The expression of 5α-reductase in the Pn raises the possibility that testosterone may be locally metabolized into 5αDHT in the Pn and that 5αDHT may be an endogenously masculinizing androgen in these fish. 5α-reductase activity has been previously reported in the brains of goldfish and toadfish (Diotel et al. 2011) . Interestingly, although 5αDHT masculinizes EOD frequency in many species of electric fish, including A. albifrons (Dunlap et al. 1998) , it reportedly does not affect EODf in A. leptorhynchus (Meyer et al. 1987; Dulka 1997; but see; Zucker 1998) . If true, these findings suggest that 5αDHT may either be an ineffective ligand of the androgen receptor in A. leptorhynchus or that it might be metabolized before reaching the Pn in this species.
In addition to nuclear receptors for androgens and estrogens, the Pn of both species expressed moderate levels of mRNA for G-protein coupled estrogen receptor 1 (GPER1), a membrane-associated receptor that mediates many of the non-genomic actions of estrogens (Evans et al. 2016) . The potential role of GPER1 in regulating EODf is unknown. The effects of gonadal steroids on EODf typically take weeks, which implies a traditional, genomic mode of action involving transcriptional regulation (Schaefer and Zakon 1996; Dunlap et al. 1998) . In Apteronotus rostratus, rapid (< 1 h) feminizing effects of estrogen injections have been reported on EODf and the firing rates of Pn neurons recorded in vitro (Meyer 1984) . However, saline or 5αDHT injections had similar (though smaller) effects (Meyer 1984) , and these findings were not replicated in A. leptorhynchus (G.T.S., unpub. obs.).
The Pn of both species strongly expressed transcripts for several 17β hydroxysteroid dehydrogenases. These enzymes can catalyze the oxidation and/or reduction of androgens and estrogens to more inactive or active forms, and thus might have influence local availability of active ligands for androgen and estrogen receptors in the Pn. 17β-HSDs also have numerous other functions, however, including fatty acid/lipid metabolism (Moeller and Adamski 2009) . It is thus unclear whether they play a specific role in steroidal regulation of sex differences in EODf.
The expression of mRNA for steroid receptor coactivators or corepressors in the Pn, (e.g., NCOA, prohibitin, NRIP) raises the possibility that the products of these genes modulate androgenic and estrogenic regulation of sex differences in EODf. Steroid receptor coactivator 1 (SRC1 = NCOA1) facilitates the neonatal defeminization of lordosis and sexually dimorphic nucleus volume by testosterone in rats (Auger et al. 2000) and is necessary for normal masculinization of copulatory behavior and preoptic area volume by gonadal steroids in quail (Charlier et al. 2005) . Future studies are needed to determine whether these co-factors in the Pn play a role in the hormonal regulation of EODf.
Transcripts for glucocorticoid receptors and thyroid hormone receptors were also expressed at moderately high levels in the Pn, though the function of these hormones in the Pn is not well-explored. Cortisol mediates effects of social interactions on chirping behavior in A. leptorhynchus, but this effect is thought to be mediated by actions on the diencephalic prepacemaker nucleus, rather than the Pn (Dunlap et al. 2002 (Dunlap et al. , 2006 . One possibility is that glucocorticoids and/or thyroid hormone regulate the metabolic/energetic demands of extremely high neuronal firing rates in the Pn. Thyroxine shifts the balance of Na + and K + currents and excites mammalian cortical neurons (Hoffmann and Dietzel 2004) . Thyroxine also increases EODf in A. leptorhynchus (Dunlap and Ragazzi 2015) . This hypothesis is also consisted with the greater expression of thyroid receptor transcripts that we found in females than males in A. albifrons, since females have higher EODf than males in this species. Interestingly, thyroid hormone receptor α transcripts are upregulated in the vocal motor nucleus of midshipmen fish (Porichthys notatus), which also contains neurons that fire at relatively high frequencies (Feng et al. 2015) .
Transcripts related to high-frequency firing
Neurons in the Pn are the fastest firing neurons known (Moortgat et al. 1998; Smith 1999) . The high-frequency activity and precision of these neurons depends on extensive electrical coupling, on transient ionic currents with rapid kinetics to produce short action potentials, and on persistent sodium currents that provide tonic depolarization to support spontaneous firing (Dye 1991; Moortgat et al. 2000; Smith and Zakon 2000) . The Pn transcriptomes in this study identified several sodium and potassium channel genes whose products are likely to contribute to these currents. The most abundant sodium channel α subunit gene expressed in the Pn was SCN8A, which encodes for the Nav1.6 sodium channel that is commonly expressed throughout the central nervous system. Interestingly, the Pn of A. leptorhynchus (but not A. albifrons) also expressed an isoform of the SCN4A gene, which encodes the Nav1.4 sodium channel. In other vertebrates, SCN4A is normally expressed in skeletal muscle and is not typically expressed in the CNS. The Pn of both species also expressed numerous transcripts for sodium channel beta subunits, which modify the kinetics of sodium channels, regulate persistent and resurgent sodium currents that support spontaneous firing, and influence subcellular localization of sodium channels (Aman et al. 2009 ). Indeed, the two most abundant Na + β subunit transcripts in the Pn of both species were SCN4B, coding for the Navβ4 subunit that strongly promotes resurgent Na + currents, and SCN3B, coding for the Navβ3 subunit that enhances persistent Na + currents (Qu et al. 2001; Barbosa et al. 2015) . Another possible source of tonic depolarizing current that supports spontaneous activity of Pn neurons is a non-selective Na + leak conductance carried by NALCN channels. NALCN was expressed in the Pn of both species, and NALCN channels promote spontaneous firing in other neuron types (Lu et al. 2007; Lutas et al. 2016) .
Several of K + channel transcripts expressed in the Pn may also contribute to the high-frequency spontaneous activity of Pn neurons. The effects of channel blockers on the Pn neuronal firing suggested that Kv1 channels are likely to support the spontaneous activity of Pn neurons and regulate their firing rates (Smith and Zakon 2000) . Consistent with this previous finding, the most abundantly expressed voltagegated K + channel transcript in the Pn of both species was KCNA10, which codes for the Kv1.8 channel. The kinetics of mammalian KCNA10 channels, however, do not seem well-suited to supporting high-frequency firing. These channels typically activate at relatively depolarized potentials (half-activation potential ~ + 3.5 mV), activate more slowly than other Kv1 channels (τ act ~ 20 ms), and show little or no inactivation. It thus seems likely either that other K + channels in Pn neurons contribute to their spontaneous activity or that the biophysical properties of KCNA10 channels in apteronotids differ substantially from those in mammals. The Pn also expressed several transcripts for Kv3 channels (KCNC2, 3, and/or 4). Kv3 channels are well-adapted for high-frequency firing. These channels are expressed in phase-locking and time-coding neurons in the mammalian auditory system and in the vestibular nucleus, and their high thresholds and rapid activation and deactivation kinetics allow very brief action potentials that are necessary for neurons to sustain high firing rates (Gan and Kaczmarek 1998; Gittis et al. 2010) .
The Pn also expressed transcripts for several accessory subunits that modify K + channel function. The transcript for the Kvβ2 subunit (KCNAB2) was expressed at high levels in the Pn of both A. albifrons and A. leptorhynchus. Kvβ2 interacts with Kv1 channels to increase current magnitude and accelerate channel activation (Heinemann et al. 1996; Lazaroff et al. 1999) . Rapid activation of K + currents may allow short-duration action potentials and high-frequency firing. The Pn of both species also expressed transcripts for K + channel interaction proteins (KChIPs) 2 and 4. The KChIPs interact with Kv4 channels to shift inactivation to more depolarized potentials, slow inactivation, and accelerate recovery from inactivation (Pongs and Schwarz 2010) . KChIP 2 also enhances Kv4 currents by 10-100 fold. Because Kv4 transcripts are expressed at relatively low levels in the Pn, however, the potential involvement of KChIPs in regulating Pn firing is unclear.
Some of the genes identified here that control the highfrequency firing of neurons in the Pn of apteronotid electric fish are similar to those identified in a transcriptomic study that examined genes responsible for the rapid, synchronous activity of neurons in the vocal motor nucleus (VMN) of midshipmen fish (Feng et al. 2015) . Specifically, neurons in the midshipmen VMN, like those in the apteronotid Pn, are electrically coupled, and a connexin transcript expressed in the Pn (gap junction protein β6/connexin 30) is also upregulated in the midshipmen VMN. Similarly, transcripts for Kv3 (KCNC) channels and sodium channel β4 subunits (SCN4B) are expressed in both the apteronotid Pn and midshipmen VMN. Some of the channels hypothesized to support high frequency activity in the VMN (e.g., Kv9.1, Kv2.2, Kv7.2; Feng et al. 2015) , however, were not abundantly expressed in the Pn. These differences are not surprising because the firing rates of Pn neurons (600-1200 Hz) are about an order of magnitude faster than those of VMN neurons (~ 100 Hz) and thus likely employ different mechanisms.
Gene expression and function of neurotransmitters and neuromodulators in the Pn
Connections between relay and pacemaker neurons in the Pn are mediated by gap junctions, but the Pn also receives descending glutamatergic input from the diencephalic central posterior-prepacemaker nucleus (CP-PPn) and the midbrain sublemniscal prepacemaker nucleus (SPPn) (Kawasaki et al. 1988; Heiligenberg et al. 1996) . These inputs transiently excite pacemaker or relay neurons to produce modulations of EODf, including the jamming avoidance response (JAR), chirps (large, abrupt increases in EODf), and gradual frequency rises (GFRs, smaller and slower increases of EODf). In A. leptorhynchus, chirps result when glutamatergic inputs from the chirp subdivision of the CP-PPn (i.e., the PPnC) activate non-NMDA receptors on relay cells in the Pn. GFRs arise when glutamate from neurons in the "gradual rise" subdivision of the CP-PPn (PPnG) activates NMDA receptors on pacemaker cells in the Pn. The JAR results when glutamatergic inputs from the SPPn activate NMDA receptors on the relay cells in the Pn (Kawasaki et al. 1988; Heiligenberg et al. 1996) . The Pn expressed mRNA for numerous types of AMPA and kainate receptors that are likely to mediate excitation the leads to chirping, as well as NMDA receptors that could mediate inputs resulting in GFRs and the JAR.
The Pn also expressed ionotropic receptors for the inhibitory neurotransmitters GABA and glycine. The Pn does not receive any known inhibitory inputs from other brain regions, but one possible source of GABA or glycine in the Pn are small, intrinsic interneurons known as parvocells . Parvocells form chemical synapses on relay and/or pacemaker neurons in the Pn and contain parvalbumin, which is often co-expressed in GABAergic or glycinergic neurons (Aoki et al. 1990; Horn et al. 1994; Laing et al. 1994; Smith et al. 2000) . The function of parvocells or of inhibition in the Pn is not known. Similarly, the role of cholinergic neurotransmission, suggested by the robust expression of several nicotinic acetylcholine receptor transcripts in the Pn, remains unexplored.
The expression of numerous transcripts for neuromodulator receptors in the Pn was somewhat unexpected. The CP-PPn, which controls chirping, receives input from numerous neuromodulators, which influence EOD modulations (reviewed in Zupanc and Maler 1997; Smith 2013) . For example, sexually dimorphic expression of substance P in the CP-PPn of both A. leptorhynchus and A. albifrons is related to sex differences in the structure of chirps; and serotonergic and catecholaminergic inputs to the CP-PPn regulate the production of chirps and/or the JAR (Maler and Ellis 1987; Weld et al. 1991; Kolodziejski et al. 2005; Smith and Combs 2008) . Relatively few studies, however, have investigated the role of neuromodulation in the Pn. The rich expression of transcripts for neuromodulator precursors and receptors in the Pn suggests that these compounds may play a role in setting the ongoing firing rates of pacemaker and relay neurons. Alternatively, these receptors may modulate responses of Pn neurons to descending inputs from the CP-PPn and SPPn, thereby changing the production and/or structure of chirps and JARs in response to environmental or social conditions. In the "pulse type" gymnotiforms Gymnotus omarorum and Brachyhypopomus gauderio, arginine vasotocin (AVT) in the Pn modulates EOD rate in response to the social environment and circadian rhythms (Perrone et al. 2010 (Perrone et al. , 2014 . Investigating the function of neuromodulation in the Pn will be a potentially fruitful line of future inquiry, and the present study has identified several candidate neuromodulators, including catecholamines, serotonin, and numerous neuropeptides.
Sex-biased gene expression and sex differences in EODf
One of the major goals of this study was to identify candidate genes whose expression in the Pn was sex-biased, and that might thus contribute to sex differences in EODf. We identified several ion channel transcripts whose expression was sexually dimorphic based on a differential expression analysis with independent hypothesis weighted (IHW) false discovery rate correction. An important caveat is that IHW is a relatively non-conservative approach, and type 1 errors are possible. Thus, the putatively sex-biased transcripts identified here should be interpreted cautiously. These transcripts should be viewed as hypothesized candidate genes for mediating sex differences EODf, and those hypotheses should be further tested with future targeted qPCR experiments. Moreover, the sex-biased genes identified here should not be viewed as the only possible mechanisms for hormonal regulation of sex differences in EODf. Sex and species differences in Pn firing rates/EODf could also result from differences in isoform expression or in the synthesis, degradation, or specific localization of proteins in particular cell types or subcellular regions. Such differences would not have been detected in our transcriptomic study.
In A. leptorhynchus, the female Pn expressed more mRNA for the K + channel β2 subunit (Kvβ2, KCNAB2) than the male Pn. Kvβ2 increases the amplitude of Kv1-mediated K + currents, and Kv1 channels are likely candidates for influencing Pn firing (Smith and Zakon 2000; Smith et al. 2006) . It is possible that increased expression of the Kvβ2 gene in females may lower their EODf by strengthening outward currents during pacemaking ramp potentials, thereby increasing interspike intervals and reducing Pn firing rates. In A. albifrons, expression of several low-abundance K + channel transcripts was potentially male-biased. Kv1.1 (KCNA1), Kv1.2 (KCNA2) and K2.1 (KCNB1) transcripts were all expressed more in male Pns than in female Pns. These channels have the potential to reduce excitability and neuronal firing rates, and their increased expression in the Pn would be consistent with the lower EODf in male A. albifrons. The very low level of expression of these channel transcripts, however, suggests that they might not play a major role in the excitability of Pn neurons.
The gene for the inward-rectifying K + channel Kir3.1 (KCNJ3) was sex-biased in both A. leptorhynchus and A. albifrons, but was biased in opposite directions in the two species. Consistent with the reversed EOD sexual dimorphism in the two species, Kir3.1 was expressed more in females in A. leptorhynchus, but more in males in A. albifrons. Thus, it was expressed at higher levels in both species in the sex that has lower EODf. Kir3.1 reduces neuronal excitability by hyperpolarizing the resting membrane potential by ~ 8 mV (Luscher and Slesinger 2010) . Elevated expression of Kir3.1 in both species may reduce EODf by hyperpolarizing Pn neurons and slowing their firing rates. If so, this gene may be a target for evolutionary changes in the sexual dimorphism of EODf. Moreover, Kir3.1 is a G-protein coupled channel and is strongly influenced by G-protein coupled receptors (Luscher and Slesinger 2010) , so it is also a potential target for the putative neuromodulatory pathways suggested by this study.
Sex differences in Pn expression of mRNA for a sodium channel β1 subunit (Navβ1, SCNAB1) in A. albifrons could also contribute to within and between sex differences in EODf. Transcripts for an isoform of Navβ1 were expressed at higher levels in males than females in A. albifrons, and within sexes, were expressed at higher levels in fish with lower EODf. Navβ1 interacts with Na + channel α-subunits to accelerate inactivation and to substantially shift steadystate inactivation voltage-dependence to more hyperpolarized potentials ). This shift in the inactivation voltage-dependence by Navβ1 also decreases persistent sodium currents (Aman et al. 2009 ). Persistent Na + currents support high-frequency spontaneous firing of Pn neurons and increase firing rate (Smith and Zakon 2000) . Thus, greater expression of Navβ1 in male A. albifrons may lower EODf by reducing persistent Na + currents and Pn firing rates. Sex differences in the expression of Navβ1 isoforms in the electric organ have also been linked to sex differences in excitability and EOD waveform in the electric fish Sternopygus ).
Conclusions and future directions
As is typical of many transcriptomic studies, this study generated more hypotheses than it strongly tested. Consistent with the role of androgens and estrogens in regulating sex differences in EODf, we found robust expression of steroidogenic enzymes and receptors in the Pn. However, these findings raise several new questions: (1) what roles do 5α-reductase and 5αDHT play in masculinizing EODf? (2) do steroid receptor co-factors influence steroidal regulation of sex differences in EODf? (3) do the abundantly expressed 17βHSDs influence androgenic or estrogenic regulation of the EOD? (4) what roles do membrane-bound receptors (GPER1 and membrane-associated progesterone receptors) play in regulating EODf? Similarly, we identified a complex suite of ion channel and connexin genes that are expressed in the Pn, and some of those genes encode channels previously predicted to regulate the rhythm that underlies the EOD. Fully understanding the roles of these ion channel genes in the Pn, however, will require identifying their localization, characterizing their biophysical properties, and modeling their interactions. Finally, we identified several ion channel genes whose expression in the Pn was putatively sexually dimorphic and/or correlated with EODf. Testing the hypothesis that these channel genes underlie hormonally regulated sex differences in EODf will require confirming their sexbiased expression with subsequent qPCR studies and experiments to determine whether their expression is regulated by androgens and/or estrogens. Such experiments have the potential not only to elucidate the genomic mechanisms of sex differences, but also to examine how those mechanisms evolve to produce species diversity in sexual dimorphism. the NIH Guide and by using protocols approved by the Bloomington Institutional Animal Care and Use Committee at Indiana University.
